Satellite-based information was combined with field data to estimate crop water requirement and yield potential in 74 fields of commercial fruit and nut crops grown in the Shepparton and Sunraysia Irrigation Regions of northern Victoria, Australia during the 2011/12 irrigation season. Comparisons of irrigation water supply (grower practice) with satellite-based estimates of crop water requirement showed over-irrigation was commonplace. Comparisons of actual yield with regional-and crop-specific yield targets showed large gaps in production performance.
Introduction
Yield and water use targets provide an important means of benchmarking crop water inputs (irrigation + rainfall) against measures of crop water requirement (CWR), and of gauging yield outcomes against regional expectations.
Yield and CWR of horticultural crops depend on crop type, weather, and vegetation cover (f). Effects of weather on CWR are provided by measures estimates of tall crop reference evapotranspiration (ETr) (Allen et al. [1] ) and f (Goodwin et al. [2] ; Allen and Pereira [3] ; Whitfield et al. [4] ). Weather effects on yield must account for solar radiation and f (Monteith [5] ). O'Connell and Goodwin [6] observed a 4-5 fold range in f in horticultural crops grown in Shepparton Irrigation Region of South Eastern Australia. Implications for both yield and water use are accounted for using satellite data in this study.
Values of f have traditionally been acquired using labour intensive groundbased approaches. More recently, extensive affordable measures of f have been derived from satellite-based measures of normalised difference vegetation index (NDVI) (Asrar et al. [7] ; Trout et al. [8] ).
Two studies were undertaken. Study 1 sought to establish regional, NDVIdependent yield and water use targets, based on weather data (solar radiation, evaporative demand), crop type and satellite-derived estimates of f, for apple, pear, peach, nectarine, apricot and almond crops grown in the Shepparton and Sunraysia Irrigation Regions of northern Victoria, Australia in 2011/12. ASTER data were used to supplement satellite measures following the demise of Landsat 5.
Study 2 involved a retrospective analysis of possible effects of variations in f on yield and water use data for up to 10 years in the Sunraysia Irrigation Region. Those data were collected as part of routine benchmarking activities, and were typically used in attempts to relate farmer yields to irrigation water supply. Sunraysia benchmarking studies have been characteristically restricted by small sample sizes, and have not accounted for effects of f on yield and/or crop water supply (CWS; irrigation + rainfall). Study 2 investigated the role of variations in f on historical yield and water use outcomes for dried vine fruit grown in Sunraysia in the period, 2002-2011. We assumed in Study 2 that the frequency distributions of NDVI (f) in the study period 2 did not vary significantly from those reported by Whitfield et al. [4] .
Materials and methods

Formulation of yield and water use targets
Yield and water use targets were framed in terms of a model of seasonal changes in vegetation cover (O'Connell [9] ), whereby major yield and water use processes were concentrated on a period of maximum vegetation cover. It was assumed that evapotranspiration and carbon assimilation during the major period of vegetation cover were the major determinants of CWR and yield, respectively. Accordingly, phenophase data were used to describe the time achievement of maximum f, denoted t MAX , and its duration prior to time of harvest, t H . f during the period, t MAX -t H , was assumed constant.
The simplified vegetation model thereby described the time of major canopy development in mature perennial deciduous fruit and vine crops grown in northern Victoria, in terms of the period, t MAX -t H , and maximum vegetation cover, f MAX .
Daily estimates of f between times, t MAX and t H , were therefore estimated by the relationship, f = f MAX . Otherwise, we assumed, f = 0.
Estimates of CWR were made using the standard relationship: 
where NIR is near infrared radiation, and RED is visible radiation. Radiometric corrections were applied according to Chander et al. [11] to account for atmospheric effects and differences in sun-sensor geometry. NDVI was calculated on a pixel-by-pixel basis and averaged for each site, avoiding pixels at field edges. All image processing was conducted using IDL 7.0 and ENVI 4.6.1 software (ITT Visual Information Solutions, Boulder, Colorado, USA).
NIR and RED characteristics vary slightly with source, with potentiallysignificant effects on estimates of NDVI (Xu and Zhang [12] ). ASTER measures of NDVI were converted to their Landsat equivalents based on linear relationships derived between NDVI Landsat and NDVI ASTER .
On-ground measures of yield and irrigation inputs
Commercial orchard sites were selected to represent the diverse range of the major crop types grown in the Shepparton (apple, peach, nectarine, apricot, pear) and Sunraysia (almond) Irrigation Regions. Irrigation inputs were monitored using flow meters at each site. Crop water supply was measured as the sum of the volume of irrigation water + rainfall. Measures of local rainfall were obtained from the Bureau of Meteorology (www.bom.gov.au/climate/data) for weather stations sited at Tatura (36.7ºS, 145.5º E, elev. 114 m) and Mildura (34.2ºS, 142.1ºE, elev. 50 m).
The time of achievement of maximum canopy development (t MAX ) at each site was obtained from on-site observations. t H was sourced from grower records. Daily fractional radiation interception of target crops (f MAX ) was measured according to methods described by Goodwin et al. [2] . Total radiation interception during the growing season (S GS ) was calculated according to:
where, S was daily solar radiation, and summation, , applied over the period,
Measures of crop yield were obtained from grower records. Yield measures were related to S GS on the assumption that S GS accounts for the main period of photosynthate accrued by the fruit (O'Connell [9] ).
Estimates of maximum yield (Y MAX ) for apple, pear, peach and nectarine were taken from relationships linking yield and S GS described by O'Connell [9] . Estimates of Y MAX for almond were based solely on measures of f MAX in order to make comparisons with data of Lampinen et al. [13] .
NDVI-dependent estimates of Kc were derived as described by Whitfield et al. [4] for the period, t MAX -t H , which represents the main period of irrigation activity.
Estimates of ETr (Allen et al. [1] ) were derived from daily weather data sourced from the Bureau of Meteorology.
Study 2: retrospective analysis of yield and water use for dried vine fruit, Sunraysia (2002--2011)
Measures of yield and irrigation water use for dried vine fruit crops (n = 285) in Sunraysia, Victoria during the period, 2002-2010, were sourced from studies reported by Ratna and Pollock [14] . Season-dependent estimates of CWR were derived for crops with low, average and high levels of vegetation cover in order to formulate respective estimates of CWR and Y MAX . Estimates of low, average and high levels of vegetation cover was sourced from Whitfield et al. [4] using regional NDVI values (10 th percentile, median, 90 th percentile values, respectively) for dried vine fruit crops (n = 457) acquired during the main growing period. Crop water requirement for the non-growing season was calculated using Kc = 0.16.
Season-specific estimates of Y MAX were estimated using procedures described above, using yield/S GS relationships reported by O'Connell [9] .
Measures of rainfall, evaporative demand and solar radiation were obtained from the Bureau of Meteorology weather station at Mildura. Phenophase data were sourced from Sommer et al. [15] .
Results and discussion
Study 1
Eqn. (4) shows that NDVI measurements from ASTER were strongly related, but smaller, than measures obtained from Landsat:
NDVI Landsat = 0.966 · NDVI ASTER + 0.067 n = 10; R 2 = 0.853
Eqn. (4) supported observations of Xu and Zhang [12] . Table 1 shows the range in fractional radiation interception and duration of maximum vegetation cover phase for case study orchard crops in the Shepparton and Sunraysia Irrigation Regions. Large diversity was measured in both the level and duration of maximum vegetation cover among crops. Fractional daily radiation interception ranged 3-fold, from 0.39 to 0.90, representing sparse and full foliage cover crops, respectively. Duration of maximum foliage cover ranged from 52 to 182 days, representing short-season and late-season crops, respectively. In the Shepparton Irrigation Region, rainfall during the 2011/12 irrigation season was 346 mm and evaporative demand, measured as tall reference crop evapotranspiration, ET R , was 1,180 mm. In Sunraysia, rainfall and ET R were 241 and 1,320 mm, respectively. Irrespective of crop type, irrigation inputs varied widely. On a seasonal basis, irrigation inputs ranged from 140 to 1,435 mm (Shepparton) and 468 to 1,584 mm (Sunraysia). Fig. 2 shows the relationship between crop water supply (irrigation + rainfall) against NDVI-derived CWR at the seasonal-scale on a field-by-field basis for orchard crops in the Shepparton Irrigation Region. The 1:1 line in fig. 2 represents CWS matching CWR.
CWS for many apple, pear, peach and nectarine crops fell well above the 1:1 line, while some peach crops had CWS approximating CWR. Heavy rainfall (~160 mm, late February 2012) contributed to the shift in CWS above CWR for some peach, nectarine and apple crops.
Irrigation scheduling by the majority of growers was based on local estimates of evaporative demand in combination with monitoring of available soil water in the wetted volume of irrigation emitters. Despite irrigation management being classed as moderate-to-high skill, three apple and one pear crop received CWS approximately 2-fold beyond site-specific CWR ( fig. 2) .
Data shown in fig. 2 emphasises the overall seasonal situation of supply and demand but does not reflect whether a crop has received the correct amount of water at the correct time (i.e. optimal irrigation scheduling). Whatever the cause of CWS >> CWR, over irrigation suggests either too many irrigation events per season and/or too much water was applied per irrigation event. Relationship between yield and cumulative seasonal intercepted radiation of fruit tree crops in the Shepparton Irrigation Region, Victoria. Lines depict estimates of Y MAX for apple and pear (pink) and peach and nectarine (green). For almond, fig. 4 shows the relationship between crop water supply (irrigation + rainfall) against NDVI-derived CWR at the seasonal-scale on a field-by-field basis. The 1:1 line in fig. 4 represents CWS matching CWR. CWS for three almond crops fell well above the 1:1 line, while most almond crops had CWS approximating CWR (fig. 4 ). Irrigation scheduling by the majority of almond growers was based on local estimates of evaporative demand in combination with monitoring of available soil water in the wetted volume of irrigation emitters. Despite irrigation management being classed as moderate-to-high skill, one almond crop received CWS approximately 2-fold beyond site-specific CWR (fig. 4) . However, it is noteworthy to observe that the majority of almond crops received irrigation inputs below the industry 'optimal irrigation' recommendation of 1,300 mm (13 ML/ha; Brown [16] ). Fig. 5 shows the relationship between yield and midday radiation interception during the mid-season period for almond crops (n = 17) grown in Sunraysia. Most crops performed below the yield target of 3.8 t/ha set by the Australian almond industry (Brown [16] ; Sommer and Pollock [17] ), however five almond crops had optimal yield performance when indexed against vegetation cover. The remainder (n = 12) performed below potential yield, including hail damage crops.
The use of production potential 'yard-sticks' (Y MAX lines; figs 3 and 5) helps identify the 'yield gap' between actual yield and potential yield and provides the framework for growers to objectively investigate the cause of poor yields beyond variation in vegetation cover. Many agronomic factors can decrease orchard yield relative to potential yield, including water stress, pest and/or disease pressure, poor bloom, adverse weather conditions (e.g. hail damage, fig. 5 ) and poor nutrient management. Estimated mean (2.1 t/ha) and maximum (6.7 t/ha) target yield fall within the bounds of yield observations recorded by irrigation benchmark surveys shown in fig. 6 . Poor yield outcomes in 2010/11 (median yield = 1.7 t/ha) were due to widespread fungal disease (grapevine powdery mildew) exacerbated by humid conditions following record growing season rainfall.
Study 2
For dried vine fruit crops, midseason NDVI ranged 3-fold, 0.14 < NDVI < 0.65, representing sparse and full foliage cover crops, respectively (data not shown). NDVI values for low, average and high (10 th year of the survey showed minimum, average and maximum CWR of 3.0, 4.9 and 6.6 ML/ha, respectively. For a given level of vegetation cover, variation in CWR between seasons was negligible as evaporative demand remained stable. The blue line shown in fig. 7 represents the CWR for the biggest dried vine fruit crops grown in Sunraysia, that is, the water requirement for high vegetation cover and long growing season crops. The 'water gap' between grower practice (crop water supply) and CWR (lines; fig. 7 ) suggests substantial water savings (~3-5 ML/ha) are potentially available for the dried vine fruit industry.
This study identified substantial water savings are possible though improved irrigation management without penalising yield in the dried vine fruit industry of Sunraysia, Victoria. Comparison of current irrigation practice against estimated NDVI-dependent crop water requirement suggests most dried vine fruit crops require improved irrigation management.
Conclusion
This study compared yield and irrigation performance of fruit and nut crops grown in the Shepparton and Sunraysia Irrigation Regions of Victoria, Australia. Grower irrigation practice, measured as crop water supply (irrigation + rainfall) was indexed against satellite-derived NDVI-dependent crop water requirement. Over-irrigation was detected and yield performance varied widely. Most crops performed well below the regionally derived potential yield.
This study highlights the need for yield and water use targets to accompany practical irrigation benchmarking studies. Yield and water use targets provide context to irrigation and production data. Satellite-derived yield and water use targets based on NDVI were seen to be appropriate. This routine, affordable, scientifically-based approach provides the ability to deliver customised water use and yield targets for all crops within an irrigation district to support high standards of irrigation water management and improve agricultural productivity.
